The role of the carotid sinus reflex in control of the blood flow in the left circumflex coronary artery was studied in nine open-chest dogs anesthetized with chloralose. Flow was measured with an electromagnetic flowmeter. The effects of bilateral common carotid occlusion were examined in a three-part experiment in each dog. (1) Under vagotomy (control) conditions, occlusion of both common carotid arteries resulted in tachycardia, increased blood pressure, and a decrease in coronary artery resistance. (2) After beta-receptor blockade with propranolol, 1.0 ing/kg, carotid sinus hypotension still resulted in increased blood pressure but the tachycardia was blocked, and coronary artery resistance increased. (3) Following rapid cardiac sympathectomy, carotid sinus hypotension still resulted in a reflex rise in systemic blood pressure but coronary resistance remained steady. This demonstrated the reflex nature of the increased coronary resistance observed after beta-receptor blockade. It is concluded that the coronary circulation is under reflex control and that sympathetic coronary artery vasomotion is a part of a carotid sinus reflex.
ADDITIONAL KEY WORDS cardiac sympathectomy coronary vasomotion alpha and beta receptors propranolol beta-receptor blocking agents dog
• Coronary blood flow is determined by a number of factors. The most prominent are the aortic perfusion pressure, the compression of the coronary vasculature by the ventricular myocardium, and vasomotion related to myocardial metabolism, especially oxygen metabolism. These factors are complexly interrelated; a change in one may result in a change in the other two. The importance and interrelationships of these variables on coronary blood flow have been reviewed by Gregg and Fisher (1) and by Berne (2) .
control that is separate from cardiac inotropic and chronotropic control by the sympathetic nervous system. Transient coronary vasoconstriction resulting from stimulation of the stellate ganglion was observed in the openchest dog by Berne and associates (3) . Granata and associates (4) observed transient coronary vasoconstriction when stimulating the stellate ganglion in closed-chest, unanesthetized dogs. Consistent vasoconstriction of the coronary artery was observed with stellate ganglion stimulation when the inotropic and chronotropic effects of sympathetic stimulation were blocked with the newer beta-receptor blocking agents (5) . Coronary vasoconstriction resulting from stellate stimulation was prevented by alpha-receptor blocking agents (5) . Thus one may conclude that coronary arteries are supplied with sympathetic alphareceptor vasoconstrictor innervation. The question was whether coronary vasoconstriction merely follows stellate ganglion stimulation or whether it has physiological significance.
This study investigated the physiological role of alpha-receptor coronary innervation 224 FEIGL during carotid sinus hypotension. Each experiment was divided into three parts. The first part was a control period in which the effects of carotid sinus hypotension were studied in a vagotomized dog. Under control conditions carotid sinus hypotension resulted in increased aortic pressure, heart rate, and myocardial contractility (6) . All these factors increase cardiac work and cardiac metabolism, which increase coronary blood flow by local tissue mechanisms. Under control conditions a net decrease in coronary resistance was observed with carotid sinus hypotension.
In the second part of each experiment in the same dog, the sympathetic inotropic and chronotropic effects resulting from carotid sinus hypotension were blocked with a betareceptor blocking agent. Under the conditions of beta-receptor blockade, carotid sinus hypotension resulted in a net increase in coronary resistance. In effect the beta-receptor blockade unmasked the sympathetic coronary vasoconstriction by eliminating the pacemaker and myocardial effects of the sympathetic discharge.
The third part of the experiment in each dog tested the hypothesis that the increase in coronary resistance observed after beta blockade was really due to sympathetic nerves. The heart was sympathetically denervated and again tested with carotid sinus hypotension. Now an increased coronary resistance was no longer observed.
These experiments show that sympathetic coronary innervation is physiologically significant and that sympathetic coronary vasomotion is a component of a carotid sinus reflex.
Methods

PREPARATION
Dogs weighing 18 to 24.5 kg were anesthetized with alpha-chloralose, 100 mg/kg iv, with supplements as needed. The heart was approached through a left thoracotomy in the fifth intercostal space. Blood lost was replaced with 6% Dextran (75,000 molecular weight) in saline (Abbott). The aorta and other major vessels were avoided to prevent damage to cardiac innervation, which pilot studies had found to be important. The dog was ventilated with a variable-phase positive-pressure respiration pump (Harvard 607-D) at a rate of 15 breaths/min. Inspiration was set to be half the duration of expiration. Atelectasis was prevented by maintaining an expiratory pressure of 3 cm H 2 O with a trap. Tidal volume was adjusted with the aid of the respiratory nomogram published by Kleinman and Radford (7) .
Coronary blood flow was measured in the circumflex coronary artery using a 400-cps sine wave, phase-sensitive demodulator, electromagnetic flowmeter (Statham K 4000). Noncannulating Helmholtz coil transducers were used. Zero flow baselines were determined by repeated occlusions with a cotton snare distal to the flow transducer. Flow transducers were calibrated with normal saline. Blood pressure was measured in the ascending aorta with a polyethylene catheter inserted in the femoral artery and a strain gauge pressure transducer (Statham P 23 Dd). Phasic flow and pressure as well as mean flow and pressure were continuously recorded. Mean blood pressure and flow were recorded using a small analog computer (Philbrick) with integrating circuits. The integrator time constants were 3.1 seconds in one experiment and 2.0 in all others. The pressure and flow integrators were matched to have the same time constants within 1% so that relative phase lags would not contribute to calculated resistances. Heart rate was continuously recorded using a cardiotachometer (8) . Recording was on an oscillograph (Brush 1707) run at a paper speed of 50 mm/sec.
EXPERIMENTAL DESIGN
Vagotomy Control.-Bilateral cervical vagotomy was performed to prevent vagal effects on coronary flow. Vagotomy also prevented aortic arch and pulmonary reflexes from competing with the carotid sinus reflex that was being studied. Both common carotid arteries were occluded below the thyroid artery in the neck without pulling or tugging. Carotid occlusion was maintained for 30 seconds and released, the interval being recorded with an event marker on the oscillograph. Carotid occlusions were repeated three times allowing at least 5 minutes for recovery between occlusions.
Beta Blockade.-Beta-receptor blocking agents effectively block the chronotropic and inotropic effects of sympathetic stimulation. This permits coronary alpha-receptor innervation to be studied without an increase in myocardial metabolism secondary to beta stimulation of the myocardium and pacemaker. Propranolol (Inderal, Ayerst Laboratories), 1.0 mg/kg, was given intravenously. After heart rate, blood pressure, and coronary flow became steady (5 to 10 minutes), three more carotid sinus reflexes were elicited by common carotid occlusions. The occlusions Sympathectomy.-Immediately after the studies of beta blockade were completed a cardiac sympathectomy was performed. The left stellate ganglion, ansa subclavia, and sympathetic chain from Tj to T 6 were excised. The stellate ganglion on the right side was removed using a retroesophageal approach. The other sympathetic structures on the -right side could not be reached without repositioning the animal. The purpose of the sympathectomy was to demonstrate that coronary vasoconstriction observed during beta blockade was reflex, and mediated by sympathetic nerves. A few drops of 2% procaine in saline were placed on the dissected coronary artery. After sympathectomy, the carotid artery was again occluded three times.
DATA ANALYSIS
The following criteria for determining an acceptable experiment were used. About one-third of experimental starts passed these criteria. 1: Coronary artery occlusive zero flows were checked at the beginning and end of the three parts of the experiment. If the zero drifted more than 2% of full scale at any time, the flow measurement was considered unreliable, and the entire experiment was discarded. 2: The objective was to study the effects of a carotid sinus reflex; therefore, the reflex status of the animal was important. Dogs in which the increase in mean blood pressure was less than 30 mm Hg with a 30-second occlusion of the common carotid after beta-receptor blockade were rejected. 3: Because late diastolic coronary resistance fluctuates in the presence of cardiac arrhythmias, all experiments in which an arrhythmia developed during beta blockade or sympathectomy were discarded. An occasional ectopic beat was accepted. Eight of the nine vagotomized dogs developed some degree of pulsus altemans in the first part of the experiment. This was accepted, because the calculation of resistance during control vagotomy was not such a critical part of the experimental design. Animals with any other arrhythmia were rejected. 4: Recordings of acute coronary flow always contained some noise from the ECG and cardiac motion; therefore, experiments with inadequate signal-to-noise ratio for reading of late diastolic flow were rejected. Flow records are shown in the Figures 1, 3 , and 5.
Analog records were read every 5 seconds before and during the carotid occlusion and at 10-second intervals following occlusion. Two additional readings were made 2 and 3 minutes following the occlusion. Exactly at each time point the mean flow, mean pressure, and cardiotachometer records were read. A straight line was drawn through the diastolic portion of the Circulation Reietrcb, Vol. XXIII, August 1968 pulsatile flow record for the two beats on each side of the time point. Using this line simultaneous flow and pressure measurements were made in late diastole for each of the four beats. The four pressure and four flow measurements were averaged for calculation of late diastolic resistance. This averaging increased the signal-to-noise ratio of the data and decreased the likelihood that random variability would become significant. Mean coronary resistance was calculated by dividing mean pressure (mm Hg) by mean flow (ml/min). Late diastolic resistance was calculated in the same way using late diastolic values.
The control value for a run was taken to be the average of the values 10 seconds and 5 seconds before carotid occlusion. The percentage change from control was calculated for each time point in each carotid occlusion. The percentage change figures are not the changes in the average raw values shown in the tables, since this calculation would not use each dog as its own control. The response for an animal was the average value from the three replicate occlusions. The average of these responses for all nine dogs is shown in Tables 1 to 3 . The standard error (SE) given in the tables is a measure of the variability among animals and is based on the statistically independent responses of the nine dogs (degrees of freedom equal eight).
The percentage changes in resistance during beta blockade and after sympathectomy were compared to test the hypothesis that increased coronary resistance was due to sympathetic innervation. A two-tailed paired t-test based on nine paired responses was performed for each time point. The results are given in Figures 7 and 8. Because it is not certain that the distributional form of the resistance is normal, as required for the t-tests, alternate statistical tests were also employed. The Wilcoxon matchedpairs signed-rank test (9) (the non-parametric analog of the paired i-test) and paired t-test of the logarithmic resistances gave the same results as the t-tests. No overall significance test of the difference between the resistance curves for parts 2 and 3 is presented because such a test would require fitting an individual curve for each animal and additional mathematical assumptions. Such a procedure seems unwarranted by the sample size and unnecessary with such consistent results. The true significance value during the carotid sinus reflex is surely less than 0.01 and probably much less.
Results
VAGOTOMY CONTROL
Aortic pressure, heart rate, and coronary blood flow all increase markedly with common Effects carotid occlusion (Fig. 1) . The results are summarized in Table 1 seconds of occlusion. Heart rate increased from a control of 129 beats/min to 172 beats/ min at the end of the carotid occlusion. Circumflex coronary flow increased from an average control of 42 ml/min to 142 ml/ min at the end of the 30-second carotid sinus reflex, an average increase of 350$ of control. Mean circumflex coronary artery resistance fell to 57$ of control in 30 seconds, and late diastolic resistance fell to 48!£ of control, indicating intense vasodilation. The stability of the preparation can be judged by how well the variables returned to control 3 minutes after carotid occlusion. The change in mean circumflex coronary artery resistance in the carotid sinus reflex is plotted in Figure  7 and late diastolic resistance is shown in Figure 8 .
BETA-RECEPTOR BLOCKADE
Aortic pressure and coronary blood flow increased while heart rate remained essentially constant with common carotid occlusion (Fig. 3) . After beta blockade, mean aortic pressure increased from a control of 115 mm Hg to 159 mm Hg. Circumflex coronary artery blood flow increased from 37 ml/min to 46 ml/min after 30 seconds of carotid occlusion. Heart rate increased from 108 beats/ min to only 112 beats/min, demonstrating the effectiveness of the beta blockade. These effects are summarized in Table 2 and Figure 4 . Although the flow increased, it did not increase in proportion to pressure; therefore, calculated circumflex coronary artery resistance increased during a carotid sinus reflex. Both mean resistance (Fig. 7) and late diastolic resistance (Fig. 8) increased to a maximum of about 20% above control. This is in marked contrast to the sharp fall in coronary resistance observed under control conditions. It is the thesis of this paper that this coronary vasoconstriction is due to sympathetic alphareceptor innervation, which has been demonstrated previously (5) . With beta blockade, the reflex sympathetic effects on the myocardium and pacemaker were blocked revealing alpha-receptor coronary vasoconstriction. 
Effects of 30 seconds of carotid sinus hypotension after beta-receptor blockade with propranolol, 1.0 mg/kg. The results are expressed in terms of percentage of control where the average of the values at 10 seconds and 5 seconds before carotid occlusion is taken as control. Each point represents the average of 27 observations from nine dogs (three in each dog).
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Effects 
T I M E I N S E C O N D S F I G U R E 6
Effects of 30 seconds of carotid hypotension after acute cardiac sympathectomy. The results are expressed in terms of percentage of control where the average of the values at 10 seconds and 5 seconds before carotid occlusion is taken as control. Each point represents the average of 27 observations from nine dogs (three from each dog).
10.7 to 19.0 minutes and averaged 15.3 minutes in the nine dogs. The effects of a 30-second carotid occlusion after sympathectomy are shown in an experimental record in Figure 5 . Aortic pressure increased from 107 mm Hg to 143 mm Hg and circumflex coronary artery flow increased proportionately from 30 ml/min to 44 ml/min during carotid sinus hypotension. Heart rate was essentially unchanged. These results are summarized in Figure 6 and Table 3 . Mean circumflex coronary artery resistance increased slightly (3%) at the beginning of the carotid occlusion and fell somewhat at the end of the occlusion (Fig. 7) . Late diastolic coronary resistance was unchanged in the beginning of the occlusion and fell at the end of the period of carotid hypotension (Fig. 8) .
The principal comparison to be made in these data is between the rise in coronary resistance after beta blockade and the effects after sympathectomy. The rise in circumflex coronary resistance with occlusion of the common carotid was abolished by cutting the efferent reflex pathway as is shown in Figures 7 and 8 . The coronary response was significantly different before and after sympathectomy for all points in the carotid sinus reflex after the first 5 seconds.
The adequacy of the reflex status of the animals after sympathectomy can be judged by the reflex rise in aortic pressure. During experiments with beta blockade, mean aortic pressure in the nine dogs rose 44 mm Hg with carotid sinus hypotension. After sympathectomy, the aortic pressure rose an average of 36 mm Hg. The sympathectomy included the sympathetic innervation of the head and neck, both forelimbs, and the upper thorax. Considering that these vascular beds were areflexic after sympathectomy, the reduction in reflex response from 44 mm Hg to 36 mm Hg (18&) was judged acceptable. Aortic pressure rose to 139% of control during beta blockade (Table 2 and Fig. 4 ). After sympathectomy, aortic pressure rose to 135% of control (Table 3 and Fig. 6 ). These considerations support the conclusion that the reflex 
FIGURE 7
Mean circumflex coronary artery resistance from the three parts of the experiment are compared.
The results are expressed in terms of percentage of control where the average of values at 10 seconds and 5 seconds before carotid occlusion is taken as control. Under vagotomy control conditions, coronary resistance fell secondary to the augmented metabolism from the increased inotropism and chronotropism in the carotid sinus reflex. After beta-receptor blockade of the inotropic and chronotropic effects, coronary resistance increased. The reflex nature of the coronary vasomotion was demonstrated by its absence after sympathectomy. The probability values test the hypothesis that the increased coronary resistance was mediated by the sympathetic nerves. The P values were calculated independently using the paired t-test for each pair of points at a given time. The consistent pattern of separation indicates that the overall response before and after sympathectomy must have a P value much smaller than 0.01. Each point represents the average of 27 observations from nine dogs (three in each dog).
status of the animals was not badly impaired by the sympathectomy. Thus the conclusion is that increased coronary resistance revealed after beta-receptor blockade was reflex and mediated by the sympathetic innervation of the heart.
Discussion
An experiment on the control of coronary blood flow must account for at least four factors. These are aortic perfusion pressure, myocardial compression of coronary vasculature, vasomotion in response to myocardial metabolism, and neural control of the coronary circulation. In these experiments changes in aortic perfusion pressure were accounted for by calculating coronary resistance. The effects of myocardial compression on coronary blood flow can be avoided by determining coronary resistance in late diastole when the effects of rapid ventricular filling and systolic squeeze are absent. This technique has been used by Denison and associates (10) and by Gregg and co-workers (4). As it turned out, the percentage changes in mean circumflex coronary artery resistance and late diastolic resistance were very similar. However, this could not have been anticipated at the beginning of the study. The metabolic effects secondary to sympathetic stimulation of the pacemaker and myocardium were blocked with propranolol in these experiments. Sympathetic nervous control of the coronary circulation was demonstrated by comparing the carotid sinus reflex response before and after cardiac sympathectomy.
Catecholamines may be released from the adrenal gland during carotid sinus hypotension and might be responsible for some of the effects seen in these experiments. It
FIGURE 8
Late is unlikely, however, that much of the coronary vasoconstriction observed was due to catecholamines of adrenal origin, as the following considerations reveal. The coronary vasoconstrictor response began within 5 seconds of common carotid occlusion ( Table  2 , and Figs. 7 and 8). The circulation time from the level of the adrenals to the coronary artery was measured as a final step in seven experiments. A 10-ml slug of concentrated potassium chloride was injected into the vena cava through a catheter placed at the level of the adrenals, and the interval until cardiac arrest timed with a stop watch. Adrenal-tocoronary circulation time ranged from 9.5 to 19.0 seconds and averaged 15.8 seconds in seven dogs. Since the coronary response reached its maximum by 15 seconds, it is unlikely that this was due to adrenal catecholamines. Even stronger evidence against an adrenal component is the comparison before and after sympathectomy. The adrenals were not denervated by the upper thoracic sympathectomy so that any adrenal response would have been observed before and after sympathectomy. An assumption in the experimental design of this study is that propranolol does not alter the pattern of sympathetic discharge in a carotid sinus reflex. Propranolol blocks beta receptors peripherally, and it seems very unlikely that such a drug would selectively rearrange the central organization of sympathetic discharge in a carotid sinus reflex to give coronary vasoconstriction not normally present. The interpretation made here is that alpha-receptor coronary vasoconstriction is part of a carotid reflex before and after pro-pranolol and that beta-receptor blockade permits the alpha receptor effects to be unmasked.
Beta receptors in the coronary artery, as distinct from beta receptors in the myocardium and pacemaker, have been demonstrated pharmacologically with injections of isoproterenol (11, 12) . The current study contains no information on the presence or absence of coronary artery beta receptors or any role they might have in a carotid sinus reflex. The experiments do demonstrate that the beta-receptor effects of reflex sympathetic discharge to the pacemaker and myocardium are blocked by propranolol as observed by others (13, 14) .
The change in coronary resistance with carotid sinus hypotension observed during beta blockade may have underestimated the true extent of coronary vasoconstriction because of several limitations in the experimental preparation. The inotropic effect of sympathetic discharge was probably not perfectly blocked by propranolol, and some degree of increased metabolism and thus competing coronary vasodilation may have been present. Even if the inotropic effects of sympathetic discharge were completely blocked, the cardiac work and metabolism probably increased due to the increasing aortic pressure with carotid sinus hypotension. The fall in coronary resistance during carotid occlusion observed after sympathectomy supports this view. A third factor tending to decrease the reflex response was the coronary denervation that probably resulted from the dissection of the coronary artery when placing the flow transducer and using the occluding snare. Denervation presumably could have been avoided by making the flow measurements on the venous side of the coronary circulation. Coronary sinus blood flow was not used in this study because it probably is not suitable for calculation of late diastolic resistance. Also, flow measured in the coronary sinus is open to the endless argument of whether the proportion of coronary drainage through the sinus is a constant in all experimental circumstances.
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Kaverina has reported an increase in coronary resistance during carotid occlusion (15) . This was in a preparation without betareceptor blockade where the coronary artery was cannulated and perfused with a constant flow pump. Variations in the perfusing pressure reflected changes in resistance at constant flow. Kaverina's results are somewhat confusing since they combined metabolic effects, myocardial compression, and nervous control of the coronary circulation. In the present study coronary blood flow increased an average of 350% during carotid occlusion and increased as much as 600% in one experiment. No matter how a constant flow preparation is adjusted initially, the heart must be grossly under-or over-perfused during some portion of a carotid sinus reflex. Under these circumstances it is not clear that the results can be ascribed to a reflex.
Szentivanyi and Juhasz-Nagy (16) have also reported coronary vasoconstriction resulting from carotid sinus hypotension. Their study does not report heart rates, and no evaluation of myocardial compression on mean coronary flow was made in their preparation. The possible role of the vagus is also unclear. These workers place their observations in a complex scheme where coronary vasoconstriction results in a further reflex from receptors in the coronary bed which results in systemic hypotension. The results of the present study differ from those of Szentivanyi and Juhasz-Nagy in that coronary vasoconstriction was not observed when increased heart rate and contractility were not blocked. The present study contains no evidence on reflexes elicited from receptors in the coronary vascular bed.
Common carotid occlusion does not reduce carotid sinus pressure to zero in the dog because there are anastomatic channels to the vertebral arteries (17) . The effect of carotid occlusion is a marked damping of pulsatile pressure with a variable fall in mean carotid sinus pressure (18) . Carotid sinus baroreceptors are very sensitive to pulsatile pressure (19) , and it is most likely that reflex response observed in the present 236 FEIGL study was primarily due to decreased baroreceptor stimulation. Carotid body blood flow was probably not greatly impaired because mean blood pressure beyond the carotid occlusion does not reach zero. Some degree of chemoreceptor stimulation cannot be ruled out in these experiments. The precise role of baroreceptor versus chemoreceptor reflexes remains to be studied.
The demonstration of reflex control of the coronary circulation makes it tempting to speculate on the possible role of reflex mechanisms in angina pectoris. Braunwald et al. (20) have shown that afferent electrical stimulation of the carotid sinus nerve can relieve angina. The postulated mechanism was decreased cardiac oxygen consumption by decreasing sympathetically mediated inotropism, chronotropism, and peripheral resistance. The present study indicates that the effect may not only be due to decreased oxygen consumption but could also involve decreased alpha-receptor coronary vasoconstriction and increased coronary blood flow. These data also indicate that the use of beta-receptor blocking agents may give mixed effects in the treatment of angina. While betareceptor blockade will block sympathetic inotropic and chronotropic actions and hence decrease myocardial oxygen requirements, it will also unmask alpha-receptor vasconstriction and limit coronary blood flow.
In conclusion, reflex coronary vasomotion has been demonstrated in a three-part experiment. Under control conditions, coronary artery resistance decreased with carotid sinus hypotension. When the increased metabolism resulting from augmented inotropism and chronotropism was blocked with a betareceptor blocking agent, coronary artery resistance increased during carotid sinus hypotension. After rapid cardiac sympathectomy, the coronary artery resistance no longer increased during carotid sinus hypotension, thereby demonstrating the reflex nature of the response.
